with an IC50 of 18.2 ± 5.2 nM ( Figure 1D ). Overall structure of hDGAT1 1 0 4 hDGAT1 structure was solved by single-particle cryoEM. Due to the modest size of hDGAT1 1 0 5 particles (~110 kDa), conditions for grid preparation and data collection were extensively 1 0 6 optimized to achieve desired contrast and particle density ( Figure S3A , Methods). Data were 1 0 7 processed following the flow chart shown in Figure S3B and detailed in Methods. A density map 1 0 8 was reconstructed to an overall 3.1 Å resolution with C2 symmetry imposed using 408,945 1 0 9 particles ( Figure S3B ). Furthur refinement using 275,945 particles produced a map that has 1 1 0 almost identical resolution but better density for bound lipids and detergents ( Figure S3B ). Resolution for helices close to the core of the dimer reaches 2.7 Å while regions close to the The density map is of sufficient quality to allow de novo building of residues 64 to 224 and 239 1 1 6 to 481, which include all the transmembrane helices, one oleoyl-CoA, and 5 partially resolved 1 1 7 lipid/detergent molecules, and the structure was refined to proper geometry ( Figure S4 , Table   1 1 8 S1). The first 63 and the last 5 residues, and residues 225-238 which is part of a cytosolic loop, 1 1 9
were not resolved. Residues 112 to 120, which is part of a luminal loop, were partially resolved 1 2 0 and built as poly-alanines. Figure S5 ). This assignment is also consistent with the previous consensus based on 1 2 5 biochemical studies (20, 36, 37) and allows for unambiguous placement of the C-terminus to the 1 2 6 lumen side of the ER. Each hDGAT1 protomer has nine transmembrane helices, TM1-9, and 1 2 7 three long loops, an ER luminal (extracellular) loop EL1 between TM1 and 2, an intracellular In each protomer, TM2-9 and the two intracellular loops IL1 and 2 form a distinctive structural 1 3 3 fold that we define as the MBOAT fold . TM1, which is not part 1 3 4 of the MBOAT fold, is isolated from the rest of the transmembrane helices and linked to the MBOAT fold by the long ER luminal loop EL1 (residues 110 to 125). EL1 is partially structured Although TM1 seems suspended in the membrane when a protomer is viewed in isolation, the 1 4 0 space between the TM1 and the rest of the protomer (the MBOAT fold) is filled by the TM1 extensive buried surface area of 684.5 Å 2 . The two TM1s only make a single contact at Ile80 1 4 7 located close to the intracellular side of the membrane, and the space between them is filled with Previous studies on a plant DGAT1 have identified part of the N-terminus as intrinsically 1 5 1 disordered protein, and showed that deletion of the N-terminus before TM1 led to a loss of the 1 5 2 enzymatic activity (31, 38, 39) . In the hDGAT1 structure, the first 63 residues are not resolved 1 5 3 and likely is disordered while residues 64-80 are well-resolved but do not have clear secondary 1 5 4 structures. These residues are resolved likely due to their extensive interactions to the 1 5 5 intracellular surface of the MBOAT fold ( Figure S7A -E). We asked whether the interactions 1 5 6 between the N-terminus and the MBOAT fold core may affect the enzymatic activity. Deletion 1 5 7 of residues 2-64 (ΔN65) slightly reduced V max (563.9 ± 32.5 nmol/mg/min ) but has almost no 1 5 8 effect on K M (13.9 ± 2.6 µM , Figure 2J ). In contrast, deletion of the entire N-terminus to the first 1 5 9 residue of TM1 (residues 2-84, Δ N84) abolishes the enzymatic activity ( Figure 2J ). The N- terminus is not required for dimer formation because Δ N84 remains a dimer after purification 1 6 1 ( Figure S7F ). To narrow down the region of functional significance, we made three additional three have significantly lower enzymatic activity than the wild type, and it appears that larger the 1 6 4 deletion, lower the enzymatic activity ( Figures 2J and S7G , Table S2 ). These results are 1 6 5 consistent with the recognized role of the N-terminus, however, further structural and functional 1 6 6 studies are required to determine the precise impact of the N-terminus on structure and function 1 6 7 of hDGAT1. The MBOAT fold in hDGAT1 carves out a large hollow chamber in the hydrophobic core of the segregates into three groups that form three sidewalls of the chamber: TM2, 3 and 4 pack into a 1 7 4 bundle that forms the first sidewall; TM5 and 6 are both very long with almost 40 amino acids 1 7 5 each, and the two helices coil into a unit that tilts roughly 56 degree to the membrane norm to ( Figures 3B and 3E ). IL1 and IL2 are located at roughly the cytosolic surface of the membrane and form the floor of the chamber. IL1 (residues 222 to 261) is composed of a helix flanked by 1 8 0 two long strands, while IL2 (residues 352 to 396) has a long amphipathic helix (AH, residues 1 8 1 380 to 394) preceded by a short helix and a loop. The structure of hDGAT1 was solved in the presence of 1mM oleoyl-CoA. A large non- protein density is found at the cytosolic side of the reaction chamber close to IL2 and it extends 1 8 4 deep into the reaction chamber ( Figures 3E-3F ). An oleoyl-CoA can be modeled into this density, 1 8 5 with the adenosine 3',5'-diphosphate at the cytosolic entrance, the 4-phosphate panthothenic acid, S8A-S8G). The activated thioesther is located to the vicinity of His415, poised for an attack from IL2 has a crucial role in acyl-CoA binding. Its V-shaped helix-turn-helix motif forms the 1 9 7 entrance for the acyl-CoA, and a number of residues on the two helices make direct contact to 1 9 8 the acyl-CoA ( Figure 3I ). The loop preceding the helices contains the FYXDWWN motif, which 1 9 9 was identified in both DGAT1 and ACAT as important for enzymatic activites (16, 40, 41) and is 2 0 0 highly conserved ( Figure S6 ). Trp364, the first trptophan in the motif, forms part of the 2 0 1 hydrophobic pocket for the acyl chain, and although the rest of the motif does not have direct 2 0 2 contact with the acyl-CoA, the FYXDWWN motif packs tightly against the helix-turn-helix 2 0 3 motif ( Figure 3I ), and thus mutations in the former could affect the enzymatic activity. Interestingly, the FYXDWWN motif also makes extensive contact with the N-terminus from the To assess the functional impact of residues in the active site and ones that line the acyl-2 0 9
CoA binding site, we mutated these residues, one at a time, and measured their enzymatic 2 1 0 activity. His415Ala abolishes the enzymatic activity, consistent with its role in catalysis. Point 2 1 1 mutations to residues that line the entrance of the acyl-CoA binding site reduces the enzymetic 2 1 2 activity by 30 to 70%, while mutations to the rest of the binding pocket, Trp377, Asn378, His382, 2 1 3 Ser411, have a larger impact with a loss of more than 80% activity ( Figure 3J ). Since His415 and 2 1 4
Ser411 are part of the highly conserved SxxxHEY motif that was shown to be crucial for results form these initial mutational studies are largely confirmatory, the structure provides a 2 1 8 framework for further studies that will lead to more precise understanding of substrate 2 1 9 recognition and the mechanism of catalysis. The reaction chamber has a very large opening to the hydrophobic core of the membrane, and the 2 2 3 opening is framed by TM4 on one side and TM6 on the other side, and by part of the IL1 and extends into the reaction chamber ( Figures 4B and 4C ). Although an acyl chain could be 2 2 8 modeled into the density, we cannot identify the ligand. We speculate that this large opening 2 2 9 1 would allow entrance of DAG to the reaction chamber from either leaflet of the lipid bilayer, and 2 3 0 exit of the product TG ( Figure 5 ). Consistent with this hypothesis, mutating Leu346 to a bulkier 2 3 1 side chain Trp produces an enzyme that has no enzymatic activity but retains binding to acetyl 2 3 2 CoA ( Figure S8I , Table S2 ). the hydrophobic core of the membrane so that the acyl transfer reaction is isolated inside of the 2 3 7 chamber. The structure shows that an acyl CoA is recognized by residues at the cytosolic side of acyl chain of an acyl CoA likely is buried in the membrane, we speculate that a slit between 2 4 0 TM7 and 8 allows entry of the acyl chain into the chamber ( Figure 5A ). TM8 is less well 2 4 1 resolved than the neighboring helices ( Figure S4 ), suggesting that it is more mobile in the residues in the vicinity of His415 ( Figure 5B ), while the two hydrophobic aliphatic acyl chains of 2 4 6 DAG could remain partially accommodated by the hydrophobic core of the membrane. We hydroxyl oxygen then attacks the thioester on the fatty acyl-CoA to form a new ester bond 2 5 0 ( Figure 5C ). The product, TG, could retraces the entrance pathway of DAG back into the 2 5 1 membrane while CoA dissipates into the cytosol ( Figure 5D ). This work was supported by grants from NIH (DK122784 and HL086392 to MZ), Cancer Tilghman endowed professorship from Princeton University. We thank Paul Shao for technical 2 7 4 support during EM image acquisition. We acknowledge the use of Princeton's Imaging and Analysis Center, which is partially supported by the Princeton Center for Complex Materials, 2 7 6 and the National Science Foundation (NSF)-MRSEC program (DMR-1420541). The authors declare no competing financial interests. Correspondence to Ming Zhou (mzhou@bcm.edu) and Nieng Yan (nyan@princeton.edu). interface of hDGAT1 viewed in three orientations. One protomer is shown as grey cartoon but with its TM1 and the N-terminus in surface. The other protomer is shown as rainbow colored from the opening between TM4 and TM5 into the reaction chamber is viewed in two orientations. The cryo grids were prepared using Thermo Fisher Vitrobot Mark IV. The Quantifoil R1.2/1.3 3 7 2
Cu grids were glow-discharged with air for 40 sec at medium level in a Plasma Cleaner (Harrick to approximately 20 mg/ml. Aliquots of 3.5 µl purified hDGAT1 were applied to glow-3 7 5 discharged grids. After being blotted with filter paper (Ted Pella, Inc.) for 3.5 s, the grids were A total of 2,749,110 particles were automatically picked with RELION 2.1 (47-49). After 2D 3 8 8 classification, a total of 1,000,063 particles were selected and subject to a guided multi-reference 3 8 9 classification procedure. The references, one good and three bad, were generated with limited 3 9 0 particles in advance ( Figure S3 ). Particles selected from multi-references 3D classification were 3 9 1 subjected to a global angular search 3D classification with one class and 40 iterations. The outputs of the 31th-40th iterations were subjected to local angular search 3D classification with 3 9 3 four classes separately. Particles from the good classes of the local angular search 3D 3 9 4 classification were combined, yielding a total of 408945 particles. After handedness correction 3 9 5 and C2 symmetry application, 3D auto-refinement with an adapted mask yielded a 3 9 6 reconstruction with an overall resolution of 3.1 Å. Further 3D classification yielded a class of 3 9 7 275,945 particles and after 3D auto-refinement, yielded a map of 3.1 Å with improved density of 3 9 8 TM2, TM3, TM8 and lipids. All 2D classification, 3D classification, and 3D auto-refinement were performed with RELION space with secondary structure and geometry restraints (54). The EMRinger Score was 4 0 7 calculated as described (55). CoA are shown as sticks with carbon atoms colored in magenta. H. Planar view of the interaction 5 1 0 between oleoyl-CoA and hDGAT1 generated by LigPlus (63, 64). I. Competitive binding for the 5 1 1 residues involved in oleoyl-CoA binding. Each symbol represents the average of three repeats, fold are colored the same. Helices that are distinct in each protein, TM1 in hDGAT1 and H1-H3 in DtlB, are colored in grey. G and I. Cartoon representations of hDGAT1 and DltB structure. tunnels. The position of the conserved histidine residue is marked as a yellow star. In DltB, 5 2 1 active site is located to the thin layer separating the intra-and extracellular sides. 
